Large polycyclic aromatic hydrocarbons (PAHs),^[@ref1]^ i.e., with size \>1 nm, can be regarded as nanographene molecules, and have attracted attention for their unique optical, electronic, and magnetic properties.^[@ref2]^ These properties are critically dependent on their aromatic core structure, motivating development of novel synthetic pathways to a variety of distinct aromatic frameworks.^[@ref3]^ Conventional synthetic strategies toward nanographene molecules are mostly based on π-expansion, mainly through planarization of tailor-made oligoarylene precursors, e.g., by oxidative cyclodehydrogenation,^[@ref4]^ photochemical cyclization,^[@ref5]^ and/or flash vacuum pyrolysis.^[@ref6]^ π-expansion of smaller PAH structures also provides access to larger PAHs, for example through Diels--Alder cycloaddition^[@ref7]^ or a sequence of arylation and cyclization at the periphery.^[@ref8]^

Alternatively, it is possible to modify the aromatic structures of PAHs by "shrinking" the π-conjugated cores, for example through peripheral hydrogenation. We have previously reported that peripheral hydrogenation of hexa-*peri*-hexabenzocoronene (HBC) selectively leads to peralkylated coronenes.^[@ref9]^ More recently, Shionoya et al. described a catalytic reductive C--C bond cleavage of a corannulene derivative, leading to a benzo\[*ghi*\]fluoranthene structure.^[@ref10]^ On the other hand, "π-truncation" of aromatic structures has been applied to fullerene, with the formation of a hoop-shaped cyclic benzenoid compound by Nakamura et al. as one of the most elegant examples.^[@ref11]^ Nevertheless, compared with the π-expansion procedure, the "π-truncation" strategy is underdeveloped. We have been particularly interested in peripheral hydrogenation to produce new PAH or nanographene structures other than known skeletons such as coronene. However, hydrogenation of nanographene molecules larger than HBC has remained elusive.

Circumbiphenyl (**2**) is a PAH consisting of a biphenyl core encircled by an annulene ring ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The parent **2** was accidentally obtained by E. Clar nearly half a century ago during his attempts to synthesize tetrabenzoperopyrene by reductive condensation of naphthanthrone (**3**).^[@ref12]^ However, this first reported synthetic approach yielded a complex mixture and required multistep separation processes to isolate **2**. In 2013, Nuckolls et al. reported a synthesis of a contorted octabenzocircumbiphenyl.^[@ref13]^ However, a straightforward and efficient synthesis of the pristine aromatic structure of circumbiphenyl has never been achieved.

!["π-Expansion" toward circumbiphenyl **2** by E. Clar and the postsynthetic "π-truncation" to peralkylated circumbiphenyl **1**.](ja-2019-00384b_0001){#fig1}

Herein, we report an efficient synthesis of peralkylated circumbiphenyl **1** through "π-truncation", namely by regioselective hydrogenation of a nanographene molecule **4** with 60 sp^2^ carbons ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Standard spectroscopic characterization corroborates the successful formation of the circumbiphenyl core. UV--vis absorption spectroscopy combined with DFT calculations demonstrate the modulating effect of peripheral hydrogenation on electronic properties, while ultrafast spectroscopy highlights the presence of optical gain. This work offers possibilities not only for acquiring new or unobtainable aromatic structures but also for tuning (opto-)electronic properties of PAHs.

The synthesis of peralkylated circumbiphenyl **1** is outlined in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The hydrogenation of nanographene molecule **4**, which was prepared following reported procedures,^[@ref14]^ was carried out with Pd/C in dry tetrahydrofuran (THF). The reaction mixture was pressurized to 150 bar H~2~ and stirred at 120 °C in an autoclave for 1 week to complete the reaction. At a lower pressure of 120 bar and the same temperature of 120 °C, the hydrogenation needed 2 weeks for completion. These conditions are indeed much harsher than those used for the previous hydrogenation of HBC with six dodecyl chains (55--65 bar, 60 °C, 12 h).^[@ref9]^ After cooling, the catalyst was removed by passing through a short pad of silica gel with THF as eluent, and the crude product was obtained as yellowish brown powder in 30% yield.

High-resolution MALDI-TOF MS analyses of **4** and the hydrogenation product revealed exact mass of *m*/*z* = 1414.9216 and 1437.0945, respectively, in agreement with the formation of **1** (C~108~H~140~) possessing 22 more hydrogen atoms than **4** (C~108~H~118~) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The isotopic distribution observed for **1** perfectly matched the simulated pattern, validating the successful hydrogenation of **4**. Compound **1** was soluble even in *n*-hexane (0.65 mg/mL), in which **4** showed little solubility. Both the room-temperature and high-temperature ^1^H NMR spectra of **1** revealed the disappearance of signals from protons attached to aromatic systems and appearance of new signals in the aliphatic region, indicating the peripheral hydrogenation of **4**. 2D NMR analyses of **1** could distinguish different aliphatic proton signals originating from \> CH--, −CH~2~-- and −CH~3~ (NMR spectra see [Figures S1--S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00384/suppl_file/ja9b00384_si_001.pdf) in the Supporting Information). However, accurate assignment of each proton signal of **1** was hampered by the existence of multiple diastereotopic peripheral protons and ^1^H signal overlap. Compound **1** might consist of multiple stereoisomers, depending on the relative orientations of the four alkyl chains, which is under further investigation in our laboratory.

![High-resolution MALDI-TOF MS spectrum of **1** and **4** (inset: the corresponding experimental and simulated isotopic distributions of **1**).](ja-2019-00384b_0002){#fig2}

FT-IR spectroscopic analysis of **1** and **4** demonstrates the disappearance of aromatic C--H stretching bands at around 3073 cm^--1^,^[@ref15]^ as well as the fingerprint aromatic C--H bending bands between 730 and 860 cm^--1^, corroborating peripheral hydrogenation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, for full spectra, see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00384/suppl_file/ja9b00384_si_001.pdf)). Additionally, appearance of bands at 1080 and 465 cm^--1^ from the saturated C--C stretching vibrations and out-of-plane bending, respectively, verifies the hydrogenated periphery of **1**.^[@ref16]^ In Raman spectra ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00384/suppl_file/ja9b00384_si_001.pdf)), the ratios between D and G bands, *I*(D)/*I*(G) for **4** and **1** are 0.50 and 0.56, respectively, in accordance with the fact that *I*(D)/*I*(G) varies inversely with the extension of the π-conjugation.^[@ref17]^

![Representative FTIR spectra regions of **1** (blue line) and **4** (red line) measured on powder samples.](ja-2019-00384b_0003){#fig3}

In contrast to the broad optical spectra of **4**, which could be ascribed to the presence of aggregates,^[@ref18]^ those of **1** (THF solution, see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) reveal well-resolved vibronic structures, indicating a significant improvement of solubility after peripheral hydrogenation, suppressing the aggregation.^[@ref19]^ The absorption maximum of **1** (λ~max~ = 381 nm) exhibits a significant blue-shift with respect to **4** (λ~max~ = 411 nm), indicating truncation of the π-skeleton. Notably, the absorption profile of peralkylated circumbiphenyl **1** perfectly matches that of the parent circumbiphenyl **2** (absorption maximum: 364 nm) reported by E. Clar,^[@ref12]^ with a red-shift of the absorption maximum by 17 nm. Peralkylated circumbiphenyl **1** displays a green fluorescence with the emission maximum at 512 nm. The fluorescence quantum yield Φ~F~ of **1** was measured as 12% using 9,10-diphenylanyhracene (in toluene under air, Φ~F~: 70%) as reference.^[@ref20]^ Compound **4** exhibits a broad fluorescence peaking at 700 nm. The broad peak originates from aggregation, as revealed by concentration-dependent fluorescence studies, whereas the emission maximum of the monomer is at 555 nm ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00384/suppl_file/ja9b00384_si_001.pdf)). The weak fluorescence of **4** hindered the determination of its fluorescence quantum yield.

![(a) Normalized UV--vis absorption and fluorescence spectra (excited at the absorption maxima) of **1** and **4** in THF solution (2 × 10^--5^ M) (inset: emission of **1** and **4** under 365 nm wavelength of UV lamp). (b) Frontier molecular orbitals and energy diagrams of **1**, **2** and **4** at the B3LYP/6-311G(d) level. For simplicity of computation, dodecyl chains of **1** and **4** were removed.](ja-2019-00384b_0004){#fig4}

DFT calculations were performed to compare the electronic properties of pristine **4**, peripheral hydrogenated **1** and parent circumbiphenyl **2** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The HOMO and LUMO energy levels of **4** are calculated to be −5.18 and −2.27 eV, respectively, with a HOMO--LUMO gap of 2.91 eV. Peripheral hydrogenation results in a higher lying HOMO (−4.78 eV) and LUMO energy levels (−1.61 eV) of **1**, with an energy gap of 3.17 eV which is by 0.26 eV greater than that of **4**. These observations are in accordance with the UV--vis experiment, indicating the ability of electronic tuning of PAHs through peripheral hydrogenation. Besides, the DFT-calculated HOMO and LUMO of peralkylated circumbiphenyl **1** reveal the same orbital distribution pattern as that of **2**. In addition, the HOMO--LUMO gap of **1** is smaller than that of **2** (3.32 eV), in line with the red-shifted onset of absorption of **1**.

Ultrafast transient absorption (TA) spectroscopy (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00384/suppl_file/ja9b00384_si_001.pdf)) discloses the effect of peripheral hydrogenation on the excited state photodynamics of the molecules. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} presents the TA spectra for **1** and **4** excited at the low-energy absorption edge (470 nm). Interestingly, whereas for **4** we can distinguish two photobleaching (PB) peaks (500 and 530 nm) and a broad photoinduced absorption (PA) from 600 to 750 nm, **1** exhibits a sharp positive band at 500 nm that can be attributed to stimulated emission (SE), as it overlaps with one of the multiple well-resolved fluorescence peaks and cannot be connected to ground state absorption. Note that the other potential SE signals (550 and 600 nm) are overlapped with the strong and broad PA in the midvisible, which is typical for conjugated systems.^[@ref21]^ The reason why **1** displays SE likely lies in its improved solubility brought about by selective peripheral substitution, as we have recently reported that intermolecular interactions in nanographenes lead to the formation of aggregates with charge-transfer character, in which charge generation quenches SE and gain.^[@ref22]^ The TA dynamics (probe at 500 nm, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) show a longer lifetime for **1** (τ~1~ = 0.4 ± 0.04 ps; τ~2~ = 420 ± 20 ps) than **4** (τ~1~ = 0.1 ± 0.01 ps ; τ~2~ = 120 ± 15 ps), a result that can also correlate with the poorer solubility of **4** with respect to the hydrogenated molecule. In general, these findings highlight the potential of peralkylated circumbiphenyl **1** for applications in photonics and optoelectronics.

![(a) Femtosecond transient absorption spectra of **1** and **4** in THF solution at 1 fs pump--probe delay obtained by exciting at 470 nm and probing with a broadband probe light. (b) Transient dynamics for **1** and **4** at a probe wavelength of 500 nm. The solid blue and red lines represent the biexponential best-fit curves for **1** and **4**, respectively.](ja-2019-00384b_0005){#fig5}

In summary, we have presented hydrogenation as a "π-truncation" strategy leading to the first peralkylated circumbiphneyl **1**. MALDI-TOF MS, 1D and 2D NMR combined with FT-IR and Raman results provided an explicit structure proof of the regiospecific peripheral hydrogenation of nanographene molecule **4**, leading to a peralkylated circumbiphenyl core. Moreover, investigation of **1** by ultrafast transient absorption measurements revealed stimulated emission, which was absent for **4** before the hydrogenation, pointing toward the possible application of such hydrogenated nanographene molecules as optical gain materials, for example to develop an organic laser. Considering the directness and efficiency of π-truncation, this strategy could serve as a general approach to other unique aromatic structures not available by π-expansion, providing new candidates for (opto-)electronic devices and supramolecular chemistry.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.9b00384](http://pubs.acs.org/doi/abs/10.1021/jacs.9b00384).Materials and methods, synthetic procedure, NMR, Raman, FT-IR spectroscopy and photoluminescence spectroscopy, transient absorption information ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00384/suppl_file/ja9b00384_si_001.pdf))
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